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A  eongpretsad  natural  rubber  vuleanizate  was  ejqpoaed  to  10  r  of 
guana  radiation  and  allowed  to  reach  its  set  length  at  40^  after  rele> 
aae  Arou  coapresslon.  Coapresalon  set,  eroesllnklng  and  selsalon  of  the 
elastoMT  neteork  varied  vlth  degree  of  cure . 

8  -  -0.66  X  10*^  Cq  +  95.1 

C.  -  0.a6  +  21.5  X  10^ 

T  O 

•  0.60  +  2.4  X  2jd^ 

o  o 


where  8  ■  Fsroent  coagpreaalon  set 

C  ■  Ma2>er  of  vuleaniiatloa  eroaalinka  per  gnm  of  apeelara 
(degree  of  vuleanluctioo) 

C  ■  ]taii>er  of  oroesllaks  uag^ered  peer  gram  of  apeeiaan  in  the 
^  eoapresaed  state  by  10^  r  « 

■  lUriber  of  vulcanlsactlon  aroaallnka  aelaaiooed  per  gem  by  lOr  r . 
o 

Ihe  average  radiation  yiald  (O)  for  chain  scisaion  and  for  eroaa- 
llnking  in  the  doaa  reglco  fkou  O.to  10'  r  eas  0.75  and  1.3#  respeetively. 
9,10-n«aanthraneq!alnaoa  and  l,4-naphthoq|tilnane  funetlooad  as  anti-rada 
at  ICP  r  and  reduced  caagraaaion  aat  aodarataly  below  that  jradictad 
firoea  degree  of  cure . 
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SIMMRY 


The  Paroblea 

The  problem  vae  to  determine  the  relationship  between  conpresslon 
set  Induced  by  rsdlstlon  and  the  degree  of  vulcanization  for  rubber 
specimens,  and  to  determine  the  ability  of  various  additives  to  reduce 
radlatlon-lndttced  eoegiresslon  set. 

The  Findings 

Coegypresslon  set  due  to  a  10^  r  dose  of  gnnma  radiation  decreases 
linearly  tram  92  to  7^  p^cent  as  the  degree  of  vulcanization  Increases 
ftrom  5  X  lOl®  to  30  x  lO^S  crosslinks  per  gram  of  specimen.  At  20  x  10^® 
crosslinks  per  gram,  the  crossUnklng  density  above  which  specimens  are 
always  tightly  cured,  coiqpresslon  set  is  82  jb.  9,10jrlhenanthrenequlnone 
and  l,4«napihthoq|ulnone  functioned  as  antl-rato  at  10®  r  and  reduced  com¬ 
pression  set  moderately  below  that  predicted  from  degree  of  cure . 


mfiODOcnoN 


Ihls  report  deals  vlth  the  effect  of  additives  and  cure  on  coapres- 
slon  set,  crosslinking,  and  chain  scission  In  an  Irradiated  rubber  vul- 
canlsate.  It  Is  part  of  a  continuing  investigation  on  the  Interaction 
of  nuclear  radiation  vlth  elastCTeric  naterlals  These  elastomers 
are  of  Interest  for  their  possible  use  as  component  pasrts  of  devices 
tdileh  any  be  used  In  prolonged  or  Intense  nuclear  radiation  fields  on 
earth  or  In  space. 

It  vas  shown  previously  by  the  authors  that  there  was  a  linear  re¬ 
lationship  between  radiation-induced  compression  set  and  degree  of  cure 
of  a  rubber  cylinder:^ 


B  -  kC^  +  K 


(1) 


where  S  >  Percent  co^presslon  set 

Cg  «  And>er  of  pre-lrradlatlon  crosslinks  per  gram 
k  and  K  «  Constants  for  a  particular  energy  absorbed  per  gram. 

Bm  earlier  study  vas  based  on  different  degrees  of  cure  irtiich  were 
the  result  of  the  additive,  whareaa  the  present  study  used  saaiplss  of 
Identical  composition  which  were  cured  for  different  lengths  of  time . 

One  purpose  of  the  present  study  was  to  confirm  the  relationship  expres¬ 
sed  in  Iqt.  1. 

Kvalnation  of  an  anti-rad  can  be  made  by  comparing  the  expected  value 
of  compression  set,  baaed  on  the  measurement  of  pre -irradiation  cross¬ 
links,  to  the  experimental  value.  If  the  eaqperlnental  value  is  signi¬ 
ficantly  lesa  than  that  predicted.,  -^he  added  compound  can  be  consldared 
an  anti-rad.  Zf  freater,  radiation  sensitisation  can  be  assoHd. 

The  preaent  study  also  endaacvored  to  evaluate  as  anti-rads  the  fol- 
lovlng  types  of  coi^ounds;  aromatic  hydrocarbons,  hydraslnes,  pbanols, 
qulnolds,  orgmio-motallies,  mareaptans,  and  aadnas. 
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Erevlous  vork  established  a  method  for  determining  radiation  yields 
of  chain  scission  and  crosslinking  for  rubber  vulcanlzates .  This  method 
combined  set  and  solvent -svelUng  measurements,  and  was  applied  to  the 
vulcanlzates  described  herein. 


miSIMBNTAL 


Test  specimens  were  measured  for  length,  and  vere  compressed,  irra¬ 
diated  In  a  nitrogen  atmosidiere,  released,  alloved  to  recover  at 
re-measured  for  compression  set,  and  then  measured  for  crosslinking  by 
solvent  sveUlng.  Also,  Initial  cros slinking  (cure)  vas  determined 
using  similar  specimens .  Statistical  treatment  of  the  compression  set 
versus  Initial  crosslinking  data  established  Eq,.  1  as  the  regression 
lliv'  relating  set  snd  cure  at  a  10°  r  dose.^ 


Rubbers 


All  rubber  specimens  vere  cylinders  cured  in  a  mold.  The  dimen¬ 
sions  of  the  mold  forms  vere  0.5-ln.  depth  and  0.42^-ln.  diameter. 

Fourteen  rubber  stocks  of  Identical  composition  but  having  differ¬ 
ent  states  of  cure  vere  prei^ed  by  varying  the  cure  time .  The  f oUov- 
Ing  velcpit  recipe  and  a  260^  cure  vere  used;  deprotelnlzed  peQe  crepe, 
IXX);  sulfur,  2;  zinc  oxide,  zinc  dibutylidlthlocarbamate,  0.2^;  2- 
mercaptobenzothlazole,  0.4;  and  carbon  (Thermax),  ^0.  Table  1  shovs  the 
cure  times  used  and  the  extent  of  crossllnklng  they  produced. 

Also,  fifty-six  rubber  stocks  of  the  above  coiqpositlon  vere  prepared 
excqpt  that  each  contained  ^  parts  of  a  unique  additive  to  be  evaluated 
as  an  antl-rad.  Cure  conditions  vere  20  minutes  at  26o°F,  but  the  che¬ 
mical  nature  of  the  additive  affected  the  degree  of  cure  so  that  a  vari¬ 
ety  of  cures  vere  obteULned.  Test  specimens  vere  similar  in  recipe, 
shape,  and  preparation  to  the  additive  rubbers  evaluated  for  radiation 
resistance  In  the  previous  study  The  additives  tested  are  listed  In 
Tible  2  along  vlth  47  additives  previously  evaluated  for  antl-rad  be¬ 
havior^  but  re-evaluated  herein  because  of  a  difference  In  method  of 
calculating  compression  set.  The  latter  are  Identified  by  the  footnote 
syiiwl  b. 
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TABLE  1 


Pte-Irradlatlon  Crosslinks  and  Compression  Sets  for  Rubber  Stocks 
Without  Additives,  Cured  for  Different  Times  at  260^ 


Stock 

Cure  Time 
(min) 

Rumba:  of 
Rre-Irradlatlon 
Crosslinks  per 
gram,  C^^ 

(x  10*^®) 

Blank  Factor 
pb 

Conpresslon 

Set* 

1 

6.5 

7.8 

0.917 

90.3 

2 

7 

8.1 

0.933 

90.55 

3 

7.5 

8.5 

0.933 

90.8 

k 

8 

9.5 

0.945 

90.2 

5 

8.5 

10.3 

0.945 

87.0 

6 

9 

10.7 

0.959 

85.2 

7 

9.5 

14.8 

0.968 

81.7 

8 

10 

20.3 

0.987 

82.4 

9 

15 

23.0 

0.991 

81.6 

10 

20 

23.5 

0.995 

81.7 

11 

20 

19.3 

0.996 

80.5 

12 

25 

23.2 

0.996 

81.0 

13 

30 

22.7 

0.996 

77.7 

l4 

35 

22.6 

0.9^ 

77.5 

eT.  Crosslinking  and  coiqpresslon  set  values  are  averages  hccm  qulntupU- 


cate  experiments. 

b.  Blank  factors  are  averages  from  triplicate  eaqper iments . 
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CoagresBlon  and  Irradiation 

^peclioens  were  measured  and  compressed  to  0.37^  In.  in  compression 
Jigs,  as  previously  described.^  niis  was  done  in  a  nitrogen-filled  glove 
box  so  that  the  specimens  were  sealed  yithin  their  spacers  in  a  nitrogen 
atmosphere.  Irradiations  to  10?  or  10°  r  vere  performed  with  a  cobalt- 
60  source  vhich  provided  10°  r  iiv  ^30  hrs .  Dosimetry  vas  done  with  the 
Friche  ferrous  sulfate  dosimeter."  After  irradiation,  specimens  vere 
released  from  compression  and  alloved  to  recover  for  3  weeks  at  40^C 
before  set  length  vas  measured.  Control  specimens  of  each  stock  ware 
treated  exactly  as  test  specimens,  except  that  they  vere  not  irradiated. 
The  set  lengths  of  the  controls  vere  used  to  calculate  blank  factors,  F 
(see  section  headed  "Comsiression  Set**},  which  vere  used  in  the  calcula¬ 
tion  of  coi^presslon  sets  of  test  specimens. 

Coeqiresslon  set  and  crosslinking  data  determined  for  vulcanlzates 
in  the  previous  sttidy  vere  re-evaluated.  These  vulcanlzates  vere  Irra¬ 
diated  with  gamma  radiation  from  reactor  spent  fuel  elements. 

Crosslinking  and  Radiation  Yields 

The  number  of  crosslinks  per  gram  of  specimens  (crosslinking  dens¬ 
ity)  vas  determined  by  the  solvent-svelling  procedure  of  the  previous 
e^qperiment  ITe- irradiation  and  post-irradiation  crosslixiklng  densi¬ 

ties  are  denoted  by  Cq  and  C,  respectively.  Also  determined  by  those 
procedures  vere  the  number  of  vulcanization  crosslinks  per  gram  of 
specimen  remaining  after  irradiation,  Cy;  the  imter  of  vulcanization 
crosslinks  sclssloned  per  gram  of  specimen  due  to  irradiation, ZsCq;  the 
nuidber  of  crosslinks  engendered  per  gram  of  specimen  in  the  compi  sssed 
state  by  irradiation,  Cj.;  and  radiation  yields  of  chain  scission  and 
crosslinking  for  the  dose  region  tram  0  to  10 '  r .  The  method  for  deter¬ 
mining  radiation  yields  cooblnes  set  and  solvent-svelling  measurements. 


where  ■  Test  specimen  length  before  compression. 

ig  -  Test  specimen  length  after  irradiation,  release  from  compres¬ 
sion,  and  recovery. 

«  Test  specimen  when  compressed. 

F  B  Control,  or  blank  factor. 
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Tbe  blaxdc  factor,  F,  la  defined  by  Eq.  3 


(3) 


vbere  ige  «  Set  length  for  a  non-irradlated  control  speciaen. 

Iqq  »  Original  length  for  a  non-irradlated  control  epeclaen. 
n  s  nariier  of  control  speclnene. 

When  the  blank  factor,  F,  approaches  unity,  Eq.  2  beccaaes  the  8l]a> 
plifled  one  used  in  the  previous  study  The  vulc^sates  evaluated  for 
coavression  set  in  the  previous  study  have,  been  re-evaduated  herein. 
Their  coapresslon  sets  have  been  recalculated  by  using  the  data  of  the 
previous  study  in  conjunction  with  Eq.  3* 


BBBOIffS  Am  OOKUJBIOm 


Berhaps  the  aoet  slffalflcant  contributions  of  this  and  the  previous 
study  are  tbe  giiantltatlve  relationships  between  radiation-induced  coa- 
pression  set  and  cure.  The  fact  that  both  state  of  cure  and  presence 
of  rubber  additives  affect  coagpression  set  nakes  anti -rad  evaluation 
■ore  coagdez  than  was  previously  supposed  and  subject  to  a  wider  degree 
of  esgperlaental  error. 


Cure  Study 

Bw  relationship  between  coapression  set  induced  by  a  UJp  r  dose 
and  degree  of  initial  crosslinking  (vulcanisation)  has  been  deterainad 
by  two  procedures.  In  Procedure  I,. rubber  stocks  were  used  having  dif¬ 
ferent  degrees  of  crosslinking  brought  about  by  different  cure  tlaes. 

In  Procedure  II,  stocks  were  used  having  different  degrees  of  crosslink- 
ing  brou^t  about  by  Incorporating  an  additive . 

Figure  1  shows  the  relationship  resulting  fToa  Procedure  I.  9ie 
curve  is  the  regression  line  of  the  coapresslon  set  and  crossllnkiog 
data  of  Thble  1  and  is  defined  by  Eq.  4: 

s  »  -0.66  X  10"^  Cjj  +  95*1  (4) 
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Fig.  1  Cooqpresslon  Set  at  10®  r  Versus  Fre -Irradiation  Crosslinks  - 

Procedure  I. 
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vbisre  S  -  Percent  eoapreeelon  cet. 

Co  ■  Vaabw  of  pre-irredletlon  eroeellnks  per  grea  of  ojrllndrleal 
Bpeelaen. 

Each  data  point  repreeente  the  average  tratu  qiilntupllcate  eoeqpreeelon 
sets  and  qulntiqplleate  eolvent-evoUen  epeclaens.  Ihe  blank  factor,  F 
(Eq.  3)»  vas  detezalned  vlth  trlpUeatee.  She  etandard  error  In  eetl- 
aatlng  S  tram  by  Iq.  3  la  2.1.5 

Figure  2  above  the  relatlonahlp  reeultlng  froa  Rroeedure  II.  The 
curve  la  the  regreealon  line  of  the  experlnental  coavreealon  set  and 
croeellnklng  data  of  Sablee  2  and  3  (O  doee)  for  those  rubbere  prepared 
epeclfleally  for  thle  aeoond  coeqireBelon  eet  etudy,  thoae  not  Identified 
by  footnote  eyeibol  b  In  Table  2.  The  curve  la  defined  by  Eq.  5: 

S  -  -0.77  ac  10'^Cq  +  95-2  (5) 

Each  data  point  repreeente  the  average  firoai  triplicate  ccaqreeelon  eete 
and  triplicate  eolvent-avollen  epeelaene.  Sie  blank  factor  (Sq.  3)  van 
detemlned  vlth  trlpUeatee. 

The  relatlonehlpe  betveen  coapreselon  eet  and  Initial  etnre  defined 
by  Eq.  V  (Brocadinre  l)  and  Eq.  3  (Procedure  II)  have  Identical  Inter- 
cepte  and  vary  by  l4  >  In  elope.  Thle  la  a  reflection  of  the  fact  that 
the  lajarlty  of  the  cbeolcal  addltlvee  In  Procedure  II  exhibited  little 
or  no  antl-rad  or  radlatlon-aeneltlzlng  characterletlca .  Procedure  I, 
Involving  no  chenlcal  addltlvee.  Is  comeldered  to  be  the  more  baele  pro¬ 
cedure;  accordingly,  Eq.  4  le  ueed  herein  for  predicting  coaqpreeelon 
eet  valuee  ITom  coreellnklng  valuee. 

The  relatlonahlp  betveen  coopreaelon  eet  and  Initial  cure  vaa  alao 
determined  throuf^  Procedure  II  by  coablnlng  data  of  the  prevloue  and 
preeent  etudy,  that  le,  by  uelng  eompreealon  eet  and  croeellnklng  data 
for  all  additive  rubbere  Hated  In  Table  2.  The  data  of  the  prevloue 
atxidy  vere  made  to  confom  to  thoae  of  the  preeent  one  by  re-calculating 
coqpreeelon  eete  for  unbeated  epeclmene.  Equation  6  le  the  regreealon 
line. 

S  -  -0.88  X  lO'^C^  +  97-5  (6) 

Equation  6  la  not  coneldered  aa  reliable  aa  Eqe.  4  and  3f  elnce  the 
croeellnklng  valuee  of  the  prevloue  etudy  vere  determined  vlth  only  a 
elngle  epeclnen. 
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Anti-Rad  Study 


Antl-rad  bebavlar  la  demonatrated  vben  the  ex3>erlinental  congpreaslon 
set  Is  significantly  less  than  that  predicted  l^om  the  Initial  cross- 
linking  by  Eq..  4  (Fig.  1).  A  conqparlson  of  experimental  and  calculated 
compression  sets  In  Table  2  shows  with  9^  $  confidence  that  phenanthrenx 
egulnone  and  l,4-naphthoq]alnone  definitely  qualify  as  antl-rads  at  a  10” 
r  dose,  but  that  the  following  additives  barely  qualify  at  this  level 
of  confidence  and  are,  thus,  of  questionable  status:  2,  2'-blpyrldlne; 
acridine;  1,2-naphthoqulnone;  1,3-dl-o-tolylquanldlne. 

It  Is  of  Interest  that  9>10-phenanthreneq.ulnone  and  1,4-xwphthoquln- 
one  exhibit  antl-rad  behavior,  decreasing  coopresslon  set  In  rubber  at 
10”  r;  that  l,2-naphthoq]ulnone  barely  or  questionably  does;  aM  that  1, 
4-benzoqulnone  and  anthraqulnone  do  not. 

2,2-Dlidiexiyl-l-plcrylhydra3yl  was  not  an  antl-rad.  This  material 
exists  coeq;>letely  as  dlphenylplcrylbydrazyl  radicals  In  the  solid  state. 
One  would  expect  these  radicals  In  a  vulcanlzate  to  react  with  firee 
radicals  produced  In  the  rubber  hydrocarbon  by  Irradiation  and,  thus, 
block  radlcal-engsndared  erossUnklng  and  scission,  irobdily  dlphenyl- 
plcrylhydrazyl  radicals  were  never  present  In  the  vulcanlzate,  having 
been  destroyed  by  reacting  with  radicals  produced  In  the  rubber  by  mlU- 
irixlng  and  curing. 

No  antl-rada  have  ever  been  found  which  will  perform  at  a  10^  r 
dose.  Because  109  r  would  require  a  9300-hr  exposi^  to  the  cobalt-60 
source,  the  potential  antl-rads  were  screened  at  r  with  the  Intention 
of  testing  at  IX)^  r  those  lAilch  showed  promlae.  9,10-pihenanthrenequln- 
one  and  l,4-napbthoq,ulnone  qualify  for  testing  at  10^  r.  Only  antl-rada 
which  cause  an  appreciable  reduction  In  compression  set  at  1^  r  would 
be  of  practical  value. 

Chain  Scission  and  Crosslinking 


!Rie  total  niDdt>er  of  croesllnka  per  gewm  for  a  conpresaed  specimen 
before  Irradiation  and  after  doaea  of  loT  and  10^  r  are  given  In  Table  3. 
These  data  show  that,  depending  upon  the  additive,  crosslinking  may  pre¬ 
dominate  over  or  be  balanced  by  chain  scission  up  to  lOT  r,  but  that 
croasllnklng  alwm  predomlnatea  at  10°  r.  Crossllnklxig  Increases  enor¬ 
mously  between  10°  and  lO?  r,  so  that  specimens  becotae  brittle  or  glassy, 
or  shrink  to  give  ccmpresalon  sets  over  100  $. 

Table  3  gives  radiation  yields  for  scission  of  the  original  network 
and  radiation  yields  for  concurrent  crosallnklng  to  form  a  new  network 
conforming  to  the  compressed  state.  ISiese  yields,  0(8)  and  G(C), 
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respectively^  are  defined  as  the  nuniber  of  chains  sclssloned  or  net 
crosslinks  formed  per  100  ev  of  absorbed  energy.  G(s)  and  0(0)  do  not 
rsxy  significantly  with  additive.  They  accord  veil, with  the. yields  of 
the  previous  report,^  and  the  average  values  of  Table  3  are  0.7?  and 
1.3;  respectively.  Radiation  yields  were  determined  by  the  method  ccn- 
blnlng  coaqpresslon-set  and  solvent -svelllng  measurements^  for  10?  r . 
niey  are  not  determined  vlth  a  dose  as  great  as  10°  r  because  their  non¬ 
linearity  vlth  dose  leads  to  an  unrealistic  average  value.  They  are 
not  determined  vlth  a  dose  less  than  10?  r  becavise  specimen  set  vould 
be  too  small  for  reliable  measurement.  Furthermore,  they  are  not  deter¬ 
mined  reliably  vhen  there  Is  appreciable  specimen  flow  under  compression, 
since  the  eqixatlon  (Eq.  11,  ref.  1)  that  Incorporates  the  set  length 
and  Is  required  for  calculating  radiation  yields  Is  theoretically  Inap¬ 
plicable  vhen  specimens  flov.  l^clmen  flov  Is  revealed  by  blank  factors 
vhich  depart  significantly  from  unity.  This  Inapplicability  Is  actually 
seen  vhen  values  of  G(S)  tium  out  to  be  negative  In  cases  vhere  specimens 
flov.  The  blank  factors  of  Table  1  shov  that  specimen  flov  is  signifi¬ 
cant  belov  a  pre-lrradlatlon  cross-linking  density  of  20  x  10^  cross¬ 
links  per  gram. 

Both  the  nunfcer  of  pre-irradiation  (vulcanization)  crosslinks  scls¬ 
sloned  by  radiation  and  the  number  of  crosslinks  formed  by  radiation  in 
the  cGiqpressed  state  depend  upon  the  degree  of  Initial  cure.  The  rela¬ 
tionships  are  defined  by  Eqs.  7  and  8,  and  are  depicted  In  Pig.  3: 


^o 


C 


r 


0.60  +  2.4  X  10^ 

(7) 

0.26  +  21.5  X  10^ 

(8) 

vhere  s  RUmber  of  Initial  (vulcanization)  crosslinks  per  gram  of 
specimens . 

s  Ifconber  of  vulc^lzation  crosslinks  sclssloned  per  gram  of 
specimen  by  10®  r. 

B  number  of  crosslinks  engendered  per  gram  of  specimen  In 
the  conqjressed  state  by  IC^  r. 

These  curves  are  the  regression  lines  of  the  data  for  ££q,  C^.,  and 
In  Table  3,  except  that  the  data  for  9,  10-pbenanthrenequlnone,  1,4-° 
napbthoqiulnone,  and  l,4-benzoq:ulnone  vere  omitted  since  the  former  tvo 
vere  antl-rads  and  the  latter  had  a  lov  cure  conducive  to  specimen  flov. 
These  relationships  result  from  the  fact  that  as  inltleJ.  crosslinklng 
density  Increases,  the  probability  of  scission  Increases  and  the  proba¬ 
bility  for  crosslinklng  Increases  due  to  greater  proximity  of  hydrocar¬ 
bon  chains. 
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35 


Q 

Fig.  3  Crostltnks  Fozned  la  CiooqpreBsed  State  (C^.)  by  10°  r  Versus  Fre- 

Irradlatlon  CrossUaks 

sad  o 

vulcanisation  Crosslinks  Sclssloned  (OC^)  by  10°  r  Versus  Fre- 
Irradlatlon  Crosslinks 
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Anti -rads  may  te  Identified  by  incorporating  them  Into  pellet  a  and 
measuring  the  sum  of  dOo  end  C. .  3!here  Is  evidence  of  anti-rad  behavior 
vhen  the  esqperimental  sum  is  sl^iifieantly  less  than  that  predicted  from 
Eqs .  7  and  8  on  the  basis  of  degree  of  cure .  OSie  basis  for  this  is 
that  cleavage  of  the  initial  (vulcanization)  netvork  and  crosslinking 
to  form  a  nev  netvork  of  the  compressed  state  both  promote  set .  An 
anti-rad  nust  function  by  minimizing  these  processes  vhlch  are  measured 
by  and  C^..  9ilO->Fhenanthreneq,ttinone  and  1^4-naphthoqulnone  vere 
identified  as  anti-rads  bv  means  of  conQpresslon  set .  Their  values  of 
(dCo  +  C^)  are  3/^.$  x  lO^n  and  30.1  x  10^,  respectively  (Table  3),ufaleh 
ere  below  the  values  predicted  from  degree  of  cure  (50.6  x  lO^n  Md 
44.7  X  10^^  respectively)  and  i&ieh  differ  from  the  predicted  values 
at  the  93  confidence  level. 
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